Introduction {#S0001}
============

Skin is the largest complex organ that provides protection against constantly evolving changes in the environment and pathogenic intrusion.[@CIT0001] The breach of this protective barrier induces fine coordination between cells, molecular factors and matrix remodelers to reestablish and maintain structural and functional integrity.[@CIT0001] The skin's immune system can be categorized into two parts: the epidermal region as isolated and described by J. Streilin[@CIT0002] and the dermal region with subcutaneous adipose tissue. These two compartments are in close connection with each other further synchronized with the organism's immune system as a whole. Both possess immune cells from the innate and adaptive immune systems with well-established connections between them. In immunological context, the skin is considered to be a highly diverse yet immunocompetent landscape. It provides the immune system with ideal conditions and an environment to carry out a rapid immune response. Specifically, the integumentary epithelium creates an efficient immunoregulatory microenvironment which forms the basis of the skin's immune system. In addition to this immune environment, other key players include resident stem cells, with the ability of self-renewal to regulate homeostasis indicative of tissue repair and regeneration.[@CIT0001] For instance, the epithelial stem cells ensure a constant renewal of the epidermis via their regenerative potential. The epidermis then forms an external barrier resembling a filter more than an impenetrable wall. This barrier also houses a rich and diverse microbiota comprising of pathogenic and opportunistic microorganisms, which could be beneficial for the skin microenvironment, according to recent evidence.[@CIT0001] The skin naturally acts a protective barrier against such microorganisms that strive to seize new territories on the host organism. The immune system acts as a deterrent and in the case of microbial aggression intensifies its response.[@CIT0003],[@CIT0004]

Infection and stress-related factors activate keratinocytes and immune cells via cascades of cytokine activation.[@CIT0003],[@CIT0004] This activates the proliferation and migration of various immune cell types to the sites of injury or shock. A few examples of such immune responses include the activation of a proinflammatory response (major histompatibilty complex \[MHC\] and cytokine receptor expression), phagocytosis, and involvement of various immunocompetent cells.[@CIT0003],[@CIT0004] It should be noted that these responses are strong enough to initiate both an innate and adaptive immune response based on the severity of pathogenic invasion or challenge. Immunity defines the ability of multicellular organisms to maintain its macromolecular composition by removing foreign molecules, which in turn provides resistance to infectious agents and neoplastic processes.[@CIT0004] The presented ideas are reflected in one of the latest definitions of immunology which could not have been developed without understanding the role of barrier tissues. Thus, to build an immunological defense system for the body, the existence of a suitable barrier efficient enough to restrict penetration and recognition of foreign invasion is of utmost importance. Importantly,  the skin is an ideal candidate that meets these evolutionary requirements. From a pathogen\'s perspective it is a naturally difficult obstacle to cross due to its dense and durable layer of keratinized epithelium. The skin has many immune cascades in effect at all times, as a result of which it is regarded as one of the emerging model systems to study the immune system.[@CIT0003]--[@CIT0005]

The dermis {#S0002}
==========

The circulatory system is responsible for uniform distribution of immune cells after their origin from the bone marrow. The population of immune cells comprises of class of T and B lymphocytes including neutrophils, a small number of eosinophils, fibroblasts, dendritic cells (DCs), macrophages, granulocytes, mast cells, basophils, natural killer (NK) cells and natural killer T (NKT) cells. All the aforementioned cells excluding the T- and B-lymphocytes detect and act upon stress signals originating from both foreign and internal stimuli. Pathogenic penetrating microflora are detected by pathogen-associated molecular patterns (PAMPs), and nonpathogenic stress signals are detected via danger-associated molecular patterns (DAMPs). Cells of the innate immune system contain Pathogen Recognizing Receptors (PRR) both on their membranes -- Toll-like receptors (TLRs) -- and in their cytosols -- NOD-like receptors (NLRs). These receptors remain unchanged since the time of birth and hence are associated with innate immunity. All these cells express MHC-I in their dormant state while constitutively expressing MHC-II upon activation. However, in dormancy, induced expression of adhesion molecules on the dermal endothelial cells can trigger proinflammatory response, leading to MHC-II expression in dermal keratinocytes and Langerhans cells (LCs) to recruit leukocytes.[@CIT0005] They also express receptors toward chemokines and cytokines, complement immune system, integrins and other molecules.[@CIT0005]--[@CIT0007] The quantity and ability to synthesize certain biologically active molecules differ with each cell and the composition of their receptors. Keeping in mind the diverse properties of various skin immunocytes, in this article,we will discuss the cell populations essential for skin's immune and regenerative features. The different types of immune cells of epidermis and dermis are presented in [Figure 1](#F0001){ref-type="fig"}. Figure 1Different types of immune cells such as Langerhans cells, dendritic epidermal γδT cells (DETC), memory αβT cells (T~RM~), dendritic cell macrophages, neutrophils, mast cells, T-regulatory cells (T-reg) and CD8^+^ T~EM~Cells (Effector-Memory cells) are present in epidermis and dermis.

Fibroblasts {#S0002-S2001}
-----------

Fibroblasts are immature cells that are highly abundant in the connective tissue. These cells are important in providing a structural basis to the skin. Contemporary history of these cells begins with their discovery by A. Ya. Fridenstein, who observed the ability of cells with a unique morphology to form colonies indicative of their multipotent properties.[@CIT0008] Some of their classical functions include contractility, locomotion, collagen and elastin fiber production and the regulation and degradation of the extracellular matrix.[@CIT0009] Emerging evidence indicates that fibroblasts can express a wide range of functionally active TLRs (from TLR-1 to TLR-9); synthesize antimicrobial peptides (AMPs) (LL-37) and defensins (hBD-1, and hBD-2) and secrete various proinflammatory cytokines (TNFα, INFγ, IL-6, IL-12p70 and IL-10), chemokines (CCL1, CCL2, CCL5, CXCL1, CXCL8, CXCL10 and CX3CL1),and growth factors (granulocyte/macrophage colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF), essential for innate immune response against microorganisms.[@CIT0009] Such properties enable these cells to sense pathogens resulting in a coordinated immune response by the recruitment of inflammatory cells.[@CIT0009] Some of the critical immune factors of fibroblasts are presented in [Figure 2](#F0002){ref-type="fig"}.Figure 2The microbial defense armor of fibroblasts. (**A**) Schematic representation of antimicrobial specificity for various Toll-like receptors (TLRs) expressed in the membrane and cytoplasmic organelles of fibroblasts. (**B**) Secretory factors responsible for elimination and prevention of microbial growth specifically in dermal and epidermal fibroblasts.

AMPs serve as important constituents of the host innate immune response. They are known effectors against a wide range of pathogens including bacteria, fungi and viruses. In vitro studies establish the antibacterial properties of cathelicidin (LL-37) against *S. aureus* and mycobacterial species.[@CIT0009] Other studies also indicate the role β-defensin 3 (hBD-3) in the suppression of *S. aureus* biofilm formation.[@CIT0010] Additional factors also include cytokines that are secreted by the cells of the innate or adaptive immune system. Studies have shown that skin fibroblasts can synthesize proinflammatory cytokines such as INFγ, IL-6 and IL-8 when exposed to biofilm cultures of *S. aureus*.[@CIT0010] Another class of secretory factors includes chemokines that serve as recruiting factors for cytokines and facilitate the migration of immune cells at the site of immune response. In a study, it was shown that human gingival fibroblasts are capable of producing secretory IL8 in response to *S. typhimurium* flagellin-induced TLR5 activation.[@CIT0011]

Similarly, fibroblasts are also capable of synthesizing growth factors including vascular endothelial growth factor (VEGF-A). VEGF-A is a factor known to promote inflammatory response-induced neovascularization, allowing recruitment of monocytes/macrophages.[@CIT0012] These studies indicate fibroblasts as one of the important factors responsible towards skin\'s immune defense system. In addition, fibroblasts also secrete bioactive factors into the intracellular matrix of the connective tissue essential for the maintenance of the cellular environment ([Table 1](#T0001){ref-type="table"}).[@CIT0013] Along this line of thought, the classical role of the fibroblasts has always been perceived for collagen synthesis and maintenance of extracellular matrix including the formation of scar tissue. However, the possibility towards the differentiation ability of fibroblasts into tissue is an emerging and attractive concept. Table 1Components of the intracellular matrix synthesized by dermal fibroblasts in humansType of substanceKey representativesCollagenCollagen Type I, III, IV, V, VI, VIIGlycoproteinsFibronectin, fibril, thrombospondin, tenascin and lamininGlycoaminoglycans\
ProteoglycansHyaluronic acid, heparan sulphate, chonroitin sulphate, versican, decorinProteins, modifying the matrixMatrix metalloproteinase (MMP), tissue inhibitor of metalloproteinase (TIMPs)CytokinesIL-1, IL-6, IL-10, TNF-αGrowth factorsTGF-β3, CSF-1, GM-CSF, PDGF, bFGF, IGF-1, IGF-2, NGF, KGF, HGF, SCF, VEGFChemokinesIL-8, MCP-1, GRO-1, MIP-1, MIP-2, RANTES, ENA-78Other proinflammatory mediatorsPhospholipase a2, PGE2, prostacyclin, HETE, PAF, NO[^1]

Considering this idea, research has been conducted to study the criterias for hematopoietic multipotent stromal cells (MSCs) differentiation were determined in fibroblasts by studying features including cellular morphology, adhesiveness and expression of cell surface markers (CD44, CD73, CD90, CD105 and CD271). Additionally, these cells possess the ability to undergo osteogenic, chondrogenic and adipogenic differentiation when grown in specialized media in vitro.[@CIT0014] Depending on the availability of interacting cells and membrane affinity, lymphoid cells can also facilitate this process. The properties mentioned are also inherent in dermal MSCs.[@CIT0015] It was found that MSCs have the ability to interact with lymphocytes and form clusters -- fibroblast-lymphocytic rosettes (FLR) -- in vitro.[@CIT0014] They constitute majority of the hematopoietic stem cells (HSCs) capable of secreting various cytokines into their microenvironment which helps in establishing immunity as a whole.[@CIT0014],[@CIT0016] MSCs found in the skin resemble those in the bone marrow with the exception of a few unique properties.[@CIT0017] Peripheral MSCs primarily have antiproliferative, immunomodulatory and proinflammatory effects.[@CIT0016] The functionality of MSCs is largely in part due to the presence of TLRs.[@CIT0018] MSCs facilitate phagocytosis in macrophages,[@CIT0019] but inhibit the differentiation and activation of classical monocytes.[@CIT0020] They reduce inflammation, accelerate the elimination of bacteria, promote the conversion of pro-inflammatory macrophages M1 to anti-inflammatory M2[@CIT0021] and increase survival during sepsis.[@CIT0022] MSCs have been also observed to induce the differentiation of T-regulatory cells,[@CIT0023] maturation and differentiation of DCs[@CIT0024] and on the other hand can inhibit their migration.[@CIT0025]

Recent years have witnessed emerging interest in mechanistic understanding of fibroblast function for the development of novel therapeutic interventions.[@CIT0011] For example, Wnt signaling pathway has been shown to be critical for skin cell differentiation. As a result, Wnt-3a and fibroblast growth factor FGF-9 agonist for Wnt signaling in dermal fibroblasts are sought as therapeutic targets.[@CIT0026] Despite the advances made in the context of fibroblasts in skin healing and regeneration, the field demands further work to fully elucidate the contributions of different dermal fibroblast lineages. Detailed study on the heterogeneity of dermal fibroblasts may yield mechanistic insights into existing therapies and provide cues for developing novel intervention strategies. Thus, we anticipate that the field of regenerative skin biology will witness tremendous advancements, leading to novel therapeutics in the near future.

Dendritic cells {#S0002-S2002}
---------------

The basic defining properties of DCs are their peculiar branch-like appearance; high MHC-I and MHC-II expression; enhanced active production of cytokines and the ability to capture, process and present antigens. DCs act as critical effectors for T-cell-mediated immune response in the skin. DCs have been shown to produce TNF-alpha- and iNOS-mediated proinflammatory signals in response to bacterial infections. Importantly in psoriasis, dermal DCs expressing CD11c^+^ surface marker play a major role in the formation of lesions.[@CIT0027]

### Dermal (myeloid) DCs {#S0002-S2002-S3001}

Myeloid dermal DCs can exist in the immature state and express various PRRs. After maturing, they migrate toward the lymph node drainage system in the skin where they present the antigen to T cells[@CIT0028] In the dermis, myeloid DCs are located deeper and primarily in the perivasculature which upon myeloid differentiation give rise to two distinct subsets of DCs: (CD141^+^, CD103^+^) and (CD1C^+^, CD11b^+^).[@CIT0027] Studies conducted in atopic dermatitis (AD) model have shown the activity of myeloid DCs in immune response by initiating recruitment of TH2 immune cells via secretion of chemokine such as CCL22 and CCL17.[@CIT0027] Due to the divergent immunogenic properties, they are often more efficient than the resident macrophages.[@CIT0027] They exist in an intermediate stage within the blood and constitute up to 0.5% of the total number of immunocompetent cells in it. DCs display their membrane affinity toward lymphocytes in situ by forming rosettes around them.[@CIT0029] As part of the innate immune system, they begin to secrete cytokines and chemokines[@CIT0030] and accelerate regeneration.[@CIT0031]

### Plasmacytoid DCs {#S0002-S2002-S3002}

Plasmacytoid dendritic cells (pDCs) are specialized type I interferon (IFN-α/β)-producing cells. They express intracellular TLRs TLR7 and TLR9 that mediate recognition of viral nucleic acids.[@CIT0032] In the blood, they resemble plasmacytes and are also categorized under lymphoid cells. These cells comprise a large portion of immature DCs in circulation, with the exception of a small amount that also exists in the dermis. It is here that DCs differ in their functional abilities: they produce x10,000 the amount of IFN-1 during a viral infection as compared to other cells.[@CIT0033] pDCs have been observed to infiltrate both murine and human skin wounds to produce type I IFNs via TLR7- and TLR9-dependent recognition of nucleic acids.[@CIT0032] These events have been accounted critical for the induction of early inflammation and reepithelization of injured skin. pDCs significantly secrete IL-6, an inflammatory cytokine indirectly involved in the re-epithelization of skin wounds.[@CIT0034]

Monocytes and macrophages {#S0002-S2003}
-------------------------

The mononuclear phagocytic system contains macrophages and monocytes, where the former is found in tissues and the latter in circulation.[@CIT0007],[@CIT0035] Due to the wide range of TLRs, mononuclear cells can recognize practically all the major groups of PAMPs. There are two types of resident macrophage populations in the skin such as the Langerhans cells (LC\'s) found in the epidermis and dermal macrophages found in abundance in the dermis. LCs originate from progenitors derived from the yolk sac during phases of early embryonic development and have the ability to self-renew.[@CIT0035] LCs are defined by their expression of the lectin receptor langerin (CD 207). In addition, LCs express CD11c and CD11b and are positive for F4/80 and MHC-II surface markers. In contrast, dermal macrophages express F4/80 and CD11b cell surface markers without any expression for CD11c or Langerin followed by low levels of MHC-II.[@CIT0036] The contribution of macrophages during wound healing has been well studied; however, the specific repair function of LCs is yet to be determined.[@CIT0036] Studies have shown that LCs undergo activation during events of wound closure that have been implicated in the healing of foot ulcer in diabetic patients.[@CIT0036]

Resident macrophages also occur as a result of constitutive migration of monocytes from the blood. Inflammatory macrophages (M1) are formed that migrate as an emergency response toward the site of inflammation.[@CIT0037] These cells are marked by high phagocytic and bactericidal activity along with high levels of cytokine secretion. These properties enable the M1 macrophages to function as effector cells in the skin's innate immune response. The classical activation of M1 produces pro-inflammatory cytokines thereby activating antigen presentation, phagocytosis, and the production of growth factors essential for wound repair. Alternatively, M2 activation produces antiinflammatory cytokines, primarily IL-10, and induces type 2 helper T cells (T~h~2 cells).[@CIT0038] In a model of skin repair, macrophages were found to induce IL-4-dependent collagen fibril assembly following injury.[@CIT0039] Absence of IL-4Ra or the IL-4-associated gene Retnla (resistin-like alpha) reduces the levels of lysyl hydroxylase 2 (LH2), an enzyme responsible for persistent profibrotic collagen cross-links, in injured skin.[@CIT0039] Thus, macrophages harness the potential to produce several important wound-healing and profibrotic mediators including regulation of skin collagen fibril synthesis to maintain the three-dimensional structure.

Similarly, the role of monocytes has been well studied in various stages of wound healing utilizing skin injury models in rodent models. Studies have shown that monocyte infiltration occurs in two distinct phases 24 hrs post wounding in skin. Two unique subsets of monocytes have been identified to infiltrate the site of wound formation. The first subset is marked by the expression of CCR-2 and the second subset is characterized by the expression of chemokine receptor CX3CR-1.[@CIT0036] It was shown that CCR-2-expressing monocytes are predominantly recruited to skin wound 48 hrs post wounding using CCR-2/GFP reporter mice. In addition, there is also a reduction in the number of macrophages at the site of wounding. Other than the early influx of CCR-2-expressing monocytes, an influx of CX3CR-1-expressing monocytes is also observed during subsequent stages of wound healing in the skin. Studies performed using excisional punch biopsy of the skin indicate macrophages as the dominant immune cells expressed during tissue formation phase.[@CIT0040] Additionally, macrophage-derived growth factors also induce extracellular matrix(ECM) deposition.[@CIT0036] For instance, macrophages induce VEGF-mediated neoangiogenesis-mediating formation of neoepithelium at the site of wound bed formation as observed in reporter mice.[@CIT0041] Taken together, these findings demonstrate the critical role of macrophages and their interplay with monocytes during early and late stages of wound healing by regulating the synthesis and organization of de novo collagen depositions in the wound.

Neutrophils {#S0002-S2004}
-----------

Neutrophils are part of the innate immune system, and these cells carry out a variety of functions during the normal wound repair process [@CIT0042],[@CIT0043]. They are crucial since they migrate from the blood to the site of inflammation significantly faster than monocytes and are the first to fulfill a protective function. Their effectiveness is also owed to them being able to produce the metabolites needed for a "respiratory burst" within seconds. It is important to note that the chemokines are released by activated keratinocytes[@CIT0035] followed by platelets that attract neutrophils to the site of inflammation. Neutrophils recognize pathogenicity via TLR-1, TLR-2 and TLR-10.[@CIT0042] Secretory factors including G-CSF, IL-17 and IL-23 determine the development, migration and activation of neutrophils, and IL-8 (CXCR1 and CXCR2) acts as the main factors of chemotaxis.[@CIT0005],[@CIT0042] Important receptors for the immune system of the skin which determine the link between neutrophils and the skin are CXCL12 (SDF1) and CXCR4.[@CIT0005],[@CIT0042] Granular neutrophils contain several enzymes that enable them to penetrate tissues and destroy particles within phagosomes.[@CIT0042] Classically, neutrophils have been considered as one of the important mediators for wound repair. According to clinical data, patients with defects in neutrophil trafficking or function exhibit higher risk for developing wound infections and impaired wound healing.[@CIT0002] Studies in animal models have also shown that neutrophils are important for cutaneous wound repair.[@CIT0042] Neutrophils also serve as storehouse for matrix metalloproteases (MMPs) in their granules and secretory vesicles. These MMPs include MMP-2, MMP-8 and MMP-9 whose functions have been widely investigated in the context of wound repair. Studies highlight induced expression of MMP-8 (also known as collagenase-2) mRNA levels and activity in chronic wounds.[@CIT0042] In a study performed using MMP-8-knockout mice, researchers observed a delay in wound closure marked by reduced neutrophil infiltration, suggesting that MMP-8 may also aid in neutrophil trafficking.[@CIT0043]

Eosinophils {#S0002-S2005}
-----------

Eosinophils also reside within the dermis and are a good indicator of allergies[@CIT0007] TLR-1, TLR-4, TLR-7 and TLR-10 can be found on eosinophils.[@CIT0007],[@CIT0044] The main role of eosinophils is to combat multicellular parasites by undergoing extracellular cytolysis which releases special granules containing a host of proteins: major basic protein, eosinophil cationic protein (ECP), eosinophilic peroxidase and eosinophil-derived neurotoxin (EDN). ECP and EDN have an antiviral effect which activates mast cells and basophils.[@CIT0007],[@CIT0044]--[@CIT0046] However, some of these proteins damage normal tissue as well.[@CIT0045],[@CIT0046] Importantly, eosinophils have been shown to stimulate fibroblasts to thereby induce α-smooth muscle actin and collagen secretion in rodent models of fibrosis.[@CIT0047] Presence of eosinophils facilitates the secretion of growth factors that promote keratinocyte migration in vitro, suggesting a possible role in the formation of dermal scars.[@CIT0047]

Basophils and mast cells {#S0002-S2006}
------------------------

Another defense against multicellular parasites is pro-inflammatory basophils and mast cells that express TLR-2, TLR-3 and TLR-4.[@CIT0046],[@CIT0048] Basophils belong to the group of granulocytes which constitute rather short-lived effector cells of the innate immune system. These cells can live from a few months to years retaining their proliferative ability. It has been reported that basophils can regulate the entry of eosinophils into the skin layers via induction of VCAM-1 expression on endothelial cells.[@CIT0049] Furthermore, basophils exhibit anti-inflammatory properties in models of UV-B-induced skin.[@CIT0049] Similarly, increased population of basophils have also been found in skin biopsies from patients with various skin disorders, suggesting their role as an inflammation regulator in human skin.[@CIT0049]

Mast cells belong to the population of resident immune cells that undergo activation in response to tissue injury, thereby releasing granules into the extracellular space.[@CIT0050],[@CIT0051] Mast cells react immediately at the site of inflammation by secreting histamines, serotonin, heparin and a host of enzymes. They are the main effector cells that mediate hypersensitivity. Mastocytes secrete a number of growth factors (vascular/endothelial, fibroblast and nerve).[@CIT0050] They display a pronounced affinity toward lymphocytes in vitro as seen by rosette formations (MLR).[@CIT0051] Upon activation, mast cells acquire the ability of antigen presentation.[@CIT0050],[@CIT0051] Mast cells have also been found to secrete TGF-β1, including other proteases that promote fibroblast-mediated effects and collagen fibril formation.[@CIT0047] Mast cells also drive the formation of gap junctions with fibroblasts that are essential for the stimulation of cellular differentiation, proliferation and ECM contraction.[@CIT0047]

NK lymphocytes {#S0002-S2007}
--------------

The morphology of NK cells is that of large granular lymphocytes that lack T- and B-lymphocyte markers. NK cells are directed to carry out cytolysis and produce cytokines (primarily IFN) upon contact with tumor cells and cells with viral infections. These cells express many different TLRs. They also possess various receptors that identity and react with molecules sent out by dead or stressed cells (NKG2D-MYC) which enable them to directly affect the process of regeneration. Upon inflammation, NK cells migrate to the skin expressing chemokine receptors that correspond to ligands in keratinocytes.[@CIT0052],[@CIT0053]

NKT lymphocytes {#S0002-S2008}
---------------

NKT lymphocytes are cells of the innate immune system though they develop in the thymus.[@CIT0005],[@CIT0054],[@CIT0055] Unlike the T cells which carry CD4+ or CD8+ receptors, these cells only express an invariant V~alpha~-14 rearrangement receptor.[@CIT0005],[@CIT0007] Typical molecules associated with NK cells (NK 1.1, NKR-P1, CD56, CD16, KIR and NKG2D) are only found in the periphery. It is the V~alpha~-14 rearrangement receptor that allows the NKT lymphocytes to recognize glycolipid antigens with respect to antigen-presenting molecule CD1d (MHC -- I).[@CIT0054] Among lymphocytes in the blood, NKT constitutes only 1% of the population, and at an even lesser quantity in the dermis. These cells are extremely valuable because other than their cytotoxic function, they are practically the only source of cytokines (primarily IFNγ) in the initial stages of a defense against pathogens.[@CIT0055] NKT cells have been observed to produce cytokines such as IL-4 and IFN-γ that facilitate resident antigen-specific CD8+T-cell and dendritic cell function.[@CIT0005]

Platelets {#S0002-S2009}
---------

Currently, the functionality of these cells has come from an unexpected and novel direction. Apparently, platelets participate in inducing inflammation, regeneration and the formation of an immune reaction (TLR-2, TLR-4, TLR-7 and TLR-9).[@CIT0056] They produce a majority of the growth factors and other biologically active substances. Data show that granular platelets contain 827 proteins,[@CIT0057] whose secretion creates a platform for interactions between platelets and majority of other immune cells and stromal cells. Platelets activate neutrophils and monocytes via P selectin on their membranes, and their complementary ligand P selectin glycoprotein ligand 1 (PSG-L-1).[@CIT0058] Neutrophils, monocytes, macrophages and endothelial cells are greatly influenced by the following chemokines: CXCL4, CXCL7, β-thromboglobulin, neutrophil-activating peptide (NAP), CCL3 (macrophage inhibitory protein-1α, MIP 1a), CCL5 (RANTES), CXCL1 (GROa) and CXCL5.[@CIT0059] Thrombocidin 1 and 2 realize any microbial threat and growth factors (PDGF, TGF-β, EGF, and VEGF) cause an angiogenic and reparative action as part of the response.[@CIT0060] Effective recruitment of platelets is essential for wound healing.[@CIT0061] The use of platelet-rich autoplasma (PRP) has clinical application in wound healing and tissue regeneration in muscoskeletal injuries and their subsequent complications.[@CIT0062] The introduction of PRP has been successfully used in dermatology, cosmetology, obstetrics, gynecology, cervical diseases, leukoplakia, endocervicitis, cervical erosion and kraurosis of the vulva.[@CIT0062]

Epithelial and endothelial cells {#S0002-S2010}
--------------------------------

Proinflammatory cytokines released by immunocytes of the innate immunity upon exposure to tissue pathogens can induce a reaction from nontraditional cells of the immune system (epithelial and endothelial cells) as they contain PAMP and proinflammatory cytokine receptors. These cells begin to imitate traits of innate immunocytes: adhesion molecules, complimentary Fcγ-receptors, MHC-II molecules, costimulators (CD40, CD80, and CD86) and secretion of proinflammatory cytokines (IL-1, IL-6, TNFα). Although these nontraditional cells have significantly inferior signals in comparison, they are enough to act as APCs to memory cells, αβ T lymphocytes and B-lymphocytes in the skin.[@CIT0063]

The epidermis {#S0003}
=============

The epidermis is marked by characteristic features and occupies a distinct area.[@CIT0001] The passage of cells in this compartment is monitored by membrane-bound adhesion molecules that interact with complementary structures found on keratinocytes. An equally important role is played by chemokine receptors secreted by keratinocytes. The specificity of the latter represents the skin as an organ of the immune system. The epidermis is composed of keratinocytes, LCs, β T-cells and αβ T-lymphocytes; among which are present a significant amount of CD4^+^ and CD8^+^ lymphocytes with a predominance of memory cells.[@CIT0001] Interesting enough, T lymphocytes comprise 90% of all lymphocytes in the epidermis.

Keratinocytes {#S0003-S2001}
-------------

Keratinocytes constitute the structural element of the outer layer of the skin. Other than their role as a structural component, emerging evidence highlight their role in both innate and adaptive immunity.[@CIT0005] Keratinocytes can be rightly called a part of the innate immune system since they occupy a strategic place as the primary physical barrier against pathogens. Keratinocytes together with neutrophils and epithelial cells serve as one of the reservoirs of AMPs that serve as the first line of defense.[@CIT0005] They also express certain pathogen pattern receptors including TLRs. These cells are also capable of secreting immune factors and chemoattractants as depicted in [Figure 3](#F0003){ref-type="fig"}. Prolonged activation of TLRs in the keratinocytes causes the synthesis of IFN1 and the polarization of a T~h~1 reaction.[@CIT0064] Figure 3Schematic representation of various cytokines and chemokines secreted by keratinocytes in response to immune activation in skin injury. IFN represents Interferon and IL\'s represent Interleukin family of cytokines,  LL-37 is an important anti-microbial cathelicidin molecule whereas, CXCl, TGF-beta, TNF-alpha and beta-defensins are indicative of predominant chemoattractants.

Keratinocytes can recruit, stimulate and activate multiple cell types in healing process to regain the epidermal structure. Upon epidermal damage, keratinocytes release IL-1, which acts in both autocrine and paracrine cascades to further that activate and facilitate migration and proliferation of keratinocytes to improve injury-induced healing.[@CIT0065] Keratinocytes also secrete VEGF and platelet-derived growth factor (PDGF),[@CIT0065] which are critical for endothelial cell migration and angiogenesis in the wound bed.[@CIT0065] Studies have also shown that keratinocytes can also secrete PDGF to promote fibroblast proliferation and production of extracellular matrix.[@CIT0008],[@CIT0064],[@CIT0065] One can imagine that the synchronous activity of fibroblasts and keratinocytes is important for maintaining skin-tissue homeostasis. It is this cross talk that leads to the recruitment of necessary cellular secretory factors for efficient wound closure.[@CIT0065] Our understanding of the function of keratinocytes has also led to the development of bioengineered products to promote skin-tissue regeneration. Upon topical application, the combination of keratinocyte and fibroblasts aids in secretion of growth factors, cytokines and matrix proteins to promote healing and regeneration. Commercially available therapies include products such as EpiCel, Dermagraft and Apligraf.[@CIT0066]

Defective function of some antimicrobial peptides such as cathelicidin and β-defensins has been implicated in increased predisposition to skin infections and psoriatic lesions[@CIT0005] One of these cathelicidins, LL-37, is also produced by keratinocytes and has an essential role in promoting angiogenesis and wound healing.[@CIT0067] Keratinocytes also express TLRs on their cell surface and on the surface of their endosomal vesicles. Keratinocytes are able to generate proinflammatory cytokines such as IL-1β and IL-18 via inflammasome signaling pathway.[@CIT0068] IL-1 produced by keratinocytes can upregulate expression of intercellular adhesion molecule (ICAM)-1. Upregulation of MHC class II on keratinocytes along with LCs facilitates leukocyte trafficking into the skin, hallmark of skin injury response. In disease conditions, keratinocytes express several chemokine ligands such as CXCL9, CXCL10, CXCL11 and CCL20.[@CIT0069] For instance, ligands such as CXCL1 and CXCL8 signal neutrophils for epidermal infiltration.[@CIT0069] Similarly, studies also show that keratinocytes possess the ability to induce T-cell activation or antigen-specific tolerization.

Langerhans cells {#S0003-S2002}
----------------

Another type of cells that are in close proximity to the epidermis are the LCs that are related to myeloid cells (histologically they are classified as pigmented epidermal cells). Initially, they were classified by a distinct organelle in their cytoplasm -- Birbeck granules.[@CIT0070] LCs are scattered throughout the epidermis which enables them to monitor the penetration of the epidermis by foreign materials. LCs are identified by their expression of langerin (CD207) and CD1a.[@CIT0071] The receptor langerin recognized mannosylated ligands on the surface of a wide range of PAMPs. Upon contact, the processing of an antigen begins with its displacement via exocytosis by forming a complex with CD1a and langerin in Birbeck granules. Presenting antigen is the primary function of DCs, whose effectiveness is far superior to other cells, including macrophages. Epidermal LCs have a few unique properties. They express specific proteinases including MMPs which enable them to penetrate through the basal membrane and reach the lymphatic pathway. Expression of MMP8 in LC inhibits TNFα and IL-1β, and its migration can prevent the inhibition of MMP and antibodies to MMP9 and MMP2.[@CIT0053],[@CIT0072]

γδ T cells {#S0004}
==========

The epidermis contains a specific subpopulation of lymphocytes - γδ T cells that contain TCR containing γ and δ chains.[@CIT0073] Usually, these cells are generated in the thymus during embryonic development, but a small number are developed elsewhere and survive in the periphery. After their synthesis, they comprise only about 1% of all cells in the thymus and 5% of the periphery. γδ T cells selectively reside in barrier tissues, particularly the epidermis. In mice, the migration of these cells from the thymus begins on the 14th day of embryogenesis. The tropism of these cells does not vary with species, but certain unique features in the cells do exist. These cells in the epidermis of mice acquire a dendritic morphology (dendritic γδ T cells). The epidermal localization of γδ T cells is mainly due to their chemokine receptor expression, synthesized from keratocyte chemokines. More than 80% of cells express CCR5 which causes their migration to the site of inflammation.[@CIT0073] γδ T cell receptors have a narrow antigen-recognizing repertoire. They have the ability to recognize and respond to antigens without the main histocompatibility complex and costimulating molecules[@CIT0074] due to the presence of TLR-1 and TLR-3 that recognize PAMPs. Inflammation causes an increased expression of NLR-4. γδ lymphocytes can strengthen anti-infective resistance by being one of the main types of cells that produce IL-17 by migrating to the dermal region postbacterial infection or injury.[@CIT0074],[@CIT0075] They also reduce the activity of delayed-type hypersensitivity effector cells and their production of IFNγ and inhibit the activity of αβ lymphocytes in allergic reactions.[@CIT0076] γδ T cells activate DC and lead to their maturation and cytokine production.[@CIT0077] Due to the presence of NKG2D and NKG2 CD94, γδ lymphocytes are able to recognize stress molecules after which they locally synthesize chemokines, cytokines, growth factors and cytokine effectors including IFN-γ.[@CIT0073]--[@CIT0075] These can regulate inflammation, cellular cytotoxicity and wound healing[@CIT0074] γδ lymphocytes interact with keratinocytes and support their survival and functionality which contribute to the regeneration of the epidermis when damaged.[@CIT0078] They are among the first cells to react to skin trauma[@CIT0079] and change their morphology within minutes. They express activation markers (CD69) and produce chemokines attracting other inflammation cells to the matrix. In many ways, the reaction is maintained by mitogens secreted by keratinocytes and the subsequent response of the epithelial cells by ligand expression for γδ lymphocytes.[@CIT0080] Important factors stimulating epithelial regeneration are keratinocyte growth factors: KGF1, KGF2, IRT1 and insulin -ike growth factor (IGF).[@CIT0081] The importance for skin regeneration by γδ lymphocytes indicates that the isolation of prolonged wounds of these cells is anergic and unable to produce IGF1.

αβ T lymphocytes {#S0005}
================

αβ T lymphocytes appear at the epidermis from circulating blood by the attraction of synthesized keratinocyte chemokines (CTACK) and the intercellular interaction of general adhesives -- selectin and integrins -- with the endothelial receptors (CD34, GlyCAM-1, ICAM1, ICAM2, VCAM1 and MadCAM1).[@CIT0082] Tropism of classical T lymphocytes to the epidermis in significant quantities is determined by the expression of so-called cutaneous lymphocyte antigen.[@CIT0083] Practically all αβ T lymphocytes belong to memory cells.[@CIT0084]

Differences in immune cell types during skin repair {#S0006}
===================================================

All cells of the immune system take part during the reparative process in the regeneration of skin. Their individual roles change depending on the phase. Damage to the skin causes an inflammatory response. The first reaction is the synthesis of proinflammatory cytokines (IL-1, IL-6, TNFα, IFNγ, etc.), chemokines, receptors and adherent molecules that activate keratinocytes. This is followed by the activation of platelets, endothelial cells, mast cells and NKT cells.[@CIT0085] Within the first few days, chemokines attract a large quantity of neutrophils[@CIT0042] to the wound, followed by its replacement with phagocytic proinflammatory M1 macrophages.[@CIT0086] The act of inflammation is linked to the effect of proinflammatory cytokines, by the transition of M2 macrophages (anti-inflammatory) to M1 phenotype (proinflammatory),[@CIT0087] mast cells, Th2 and T-regulatory cells (TREG). γδ T cells work in a similar manner by secreting factors that stimulate and maintain keratinocytes (IGF-1 and KGF1 and KGF2 growth factors). αβ and γδ T cells are important for the maintenance and homeostasis of the skin via recognition and clearance of stressed or damaged cells.[@CIT0088] Current studies lack the distinct roles of αβ and γδ cells in skin immunity. However, it is certain that their role in immune mechanisms is conserved.[@CIT0088] γδ T cells can recognize a wide variety of peptide and nonpeptide antigens released as a result of constant changes in the skin, while αβ T cells recognize pathogen-specific peptides or tumors presented by MHC molecules.[@CIT0088]

Fibroblasts play one of the main roles in the vivification of damaged skin. In a wounded area, the surface of these cells is attracted to the growth factors released by platelets (PDGFs). However, in such conditions, the fibroblasts proliferate and synthesize matrix molecules that are not very effective. It has been shown that in the presence of immune cells the performance of fibroblasts is greatly enhanced[@CIT0089] At the same time, HSC, MSC and endothelial precursors mobilize from the bone marrow.[@CIT0090] Under the influence of the chemokines, stem cells migrate to the wound site and differentiate and proliferate along with resident elements.[@CIT0091] This is followed by angiogenesis, granulation and epithelialization. Effective remodeling occurs in the event of sufficient intervention of MSC, endothelial precursors and embryonic stem cells. Of great importance in this context are cells synthesizing MMPs and extracellular matrix molecules.

It has been shown that keratinocytes and immune cells are capable of secreting steroidal hormones de novo.[@CIT0083] It is possible that this may be limited only to the inflammatory phase: catecholamine[@CIT0092] and acetylcholine. Anti-inflammatory effects are apparently similar to those of the parasympathetic nervous system and influence acetylcholine receptors (nAchR) which are located on the membranes of immune cells.[@CIT0093],[@CIT0094] It is through these receptors that the synthesis of an extracellular matrix by keratinocytes is facilitated along with factors that influence differentiation. The activation of β-adrenergic receptors also has an influence on the migration and differentiation of keratinocytes.

Conclusion and future remarks {#S0007}
=============================

Although the immune system of the skin is a nonstructured diffused lymphoid tissue, it has a distinct spatial and functional organization that is unique to it. Its cellular composition is distinguished by a huge variety of cellular components belonging to both the innate and adaptive immunity. Our current knowledge on the cellular immune repertoire of the skin highlights its importance. In the era of emerging awareness toward cancer diagnosis, autoimmune disorders, aging and vaccine development, the current and emerging knowledge on skin's immune competence holds greater significance. Immune cells of the skin are broadly categorized based on their prevalence in the two distinct layers. It is not as specific in terms of cellular composition pertaining to the dermis and subcutaneous adipose tissue. Various cells from within circulation accumulate and become activated within this space. Classical T- and B lymphocytes and their subpopulations in their absolute and relative state quantitatively correspond to that in the periphery.[@CIT0005],[@CIT0007] This depends on NK and NKT lymphocytes and circulating myeloid cells: neutrophils, basophils, eosinophils and monocytes.[@CIT0053]--[@CIT0055]

Progenitors of mast cells, myeloid cells and lymphoid DC travel through the bloodstream and migrate to the dermis where they mature as a result of resident elements. The predominant tissues in the bone marrow are MSCs and fibroblasts. MSCs from hair follicles arising from the neural crest are the closest to this sort judging by their properties. It Is worth a mention to state that the quantity of platelets increases during an immune response due to their special properties. The dermis is the structural and functional backbone of the epidermis. It provides access to cells within circulation which are strictly regulated. These selective cells can practically only be found within this area. This is primarily keratinocytes, LC and γδ T lymphocytes. The last two function as part of the innate as well as the adaptive immunity, which links both the skin compartments with the entire body. This is required to present antigens traveling through the lymphatic path in the dermis followed by the lymphatic follicle. γδ T lymphocytes support keratinocytes and promote their regeneration.

Of the classical lymphocytes, only those with the appropriate tropism are found in the epidermis. This is due to the expression of adhesion molecules in the epidermis, which is attracted to chemokines released by keratinocytes from γδ T lymphocytes. B lymphocytes, on the other hand, are absent. The overwhelming majority of the population are memory cells.

Cells of the innate immune system are activated by PRR that recognizes pathogenic and stress signals (PAMP and DAMP). "Intermediate" cells viz. NKT and γδ T lymphocytes express PRRs as do T-cell receptors, though the latter has a different structure and limited capabilities. Upon activation, many cells express high levels of MHC-I and monocyte chemoattractant protein 1 (MCP1), cytokines and their receptors, chemokines and growth factors. This cytokine network when in contact with the many available cell types triggers the required immune response. Both sections of the immune system participate in the regeneration of the skin and its cellular elements. They are also involved in the process of specialization and its various stages. Keratinocytes, platelets, γδ T lymphocytes and mast cells can induce inflammation by attracting phagocytes against any infection and activate mechanisms to trigger adaptive immunity. Attenuation of inflammation converts the proinflammatory M1-Mø into the anti-inflammatory M2-Mø. It also marks the beginning of the proliferative phase of fibroblasts and stem cells in various regions, both local and in the bone marrow, thereby regulating their immune-cooperative interaction and the process of remodeling multichannel tissue design features.

In-depth understanding on the contribution of skin-resident and skin-infiltrating immune populations bolstered by their cross-talk with other cell types can open avenues toward the development of novel therapeutics. Many questions remain unanswered in this emerging area of skin immunology and skin's regeneration potential. For instance, the establishment of experimental in vitro human and induced pluoripotent stem cell-based systems will allow assessment of the functional capacity of skin's immune cell repertoire in the context of immune response and their alterations in skin diseases. Further, use of lineage-tracing concepts in such regenerative experimental model systems will enhance our understanding of molecular events and trigger factors that are responsible for immune cell trafficking to sites of regeneration, post skin injury. Taken together, we conclude that near future discoveries using such innovative strategies will not only help us achieve better therapeutic products for skin-related immune disorders but will also foster ideas toward novel cosmetic formulations and topical applications for improving skin's regenerative potential.
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[^1]: **Abbreviations:** IL- Interleukins; TNF-α, Tumor Necrosis Factor; TGF-β, Transforming growth factor; CSF-1, Colony Stimulating Factor-1; GM-CSF, Granulocyte-macrophage colony-stimulating factor; PDGF, Platelet-derived growth factor; bFGF, basic Fibroblast Growth Factor; IGF-1,2, Insulin Growth Factor; NGF, Nerve Growth Factor; KGF, Keratinocyte Growth Factor; HGF, Human Growth Factor; SCF, Stem Cell Factor; VEGF, Vascular Endothelial Growth Factor; MCP-1, Monocyte Chemoattractant Protein-1; GRO-1, Growth Regulated Oncogene-1; MIP-1,2, Macrophage Inflammatory Protein 1,2; RANTES- Regulated upon activation, normal T-cell expressed, and secreted; ENA-78, Epithelial-derived neutrophil-activating peptide 78.
